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Abstract 
The paper presents the results of investigation of the gas exchange processes induced on a stainless steel surface under low 
energy neutral and ion irradiation. Experiments were performed in the Multifunctional Investigation Complex for Mass-Analysis 
allowing sample irradiation with neutral atom beam and plasma ions and thermal desorption analysis. The stainless steel surface 
was irradiated by thermal deuterium atoms generated in (D2+O2) atmosphere and by (D2+O2) plasma ions. Irradiation activated 
trapping of deuterium in stainless steel, desorption of hydrogen dissolved in stainless steel in the form of HD, H2, HDO, H2O are 
measured and analyzed. The role of the chromium oxide surface layer in these processes and the processes providing particle 
diffusion through the surface layer are discussed. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute)  
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1. Introduction 
Low electric conductive surface layers, in particular, oxide layers are known for acting as effective barrier layers 
for hydrogen isotope penetration through a metal surface. The metals with dense oxidized surface layer (Al, Ti, V, 
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SS, Zr, etc.) are widely used in experimental and technological devices and installations. Thanks to the surface oxide 
layer these metals are able to contain large amount of hydrogen and some of them form high temperature hydrides. 
On the other hand, the barrier property of the oxide layers does not allow hydrogen penetration into the metals. The 
ion and plasma interactions with metals having surface oxide layer drew attention of a number of researchers 
(Mitchell et al. (1984), Smith et al.(1966), Ishikawa et al. (1994), He et al. (2014), Airapetov et al. (2013), 
Oberkofler et al. (2011), Macaulay-Newcombe et al. (1991)). At the same time, the barrier properties of the oxide 
layer are modified under ion and plasma irradiation. This circumstance appears to be the course of non-controlled 
hydrogen release from the stainless walls of plasma chambers of fusion installations (e.g. Hodile et al. (2014), 
Nakamura et al. (2004)). However, the problem has not been investigated in detail. We have started the experimental 
program devoted to the analysis of the gas exchange processes on insulating and low conductive surfaces.  
The purpose of the paper is to investigate of the general and specific peculiarities of gas exchange through the 
stainless steel (SS) surface layers under plasma irradiation and to evaluate driving forces and processes providing the 
phenomena. The paper presents the first results of the experiments made with stainless steel. Irradiation activated 
trapping of deuterium in stainless steel, desorption of hydrogen dissolved in stainless steel in the form of HD, H2, 
HDO, H2O are measured and analyzed. The irradiation initiated surface reactions are capable of acceleration 
hydrogen removal from the stainless steel surface due to formation of the volatile hydrogen contained molecules are 
considered The role of the chromium oxide surface layer in these reactions and the processes providing particle 
diffusion through the surface layer are evaluated. The influence of irradiation stimulated hydrogen atom 
recombination on the hydrogen penetration through the stainless steel and surface oxide layer is discussed. 
2. Experimental 
The most part of the experiments was performed in Multifunctional Complex for Mass-Analysis (MICMA) 
described by Airapetov et al. (2011). The MICMA device contains three vacuum chambers connected in series (a 
chamber for sample irradiation with neutral or ion beam, a chamber for plasma exposition (P.Ex. chamber), a 
chamber for thermal desorptional analysis (TDS) with a mass-spectrometer) and a sample manipulator transporting 
the samples between the chambers.  
Irradiation by deuterium and hydrogen atoms and by deuterium ions was performed in the P.Ex. chamber. The 
volume of the chamber is about 2×10-3 m3. Residual gas (95% H2O and 5% H2), pressure in the P.Ex. chamber is 
PRes  5×10-4 Pa and that of the TDS chamber is PRes  7×10-6 Pa. Gas pressure during sample irradiation is 
PG § 6.6×10-1 Pa.  
Deuterium and hydrogen atoms used in the experiments were produced by dissociation of deuterium molecules 
on the surface of the heated tungsten cathode. The plasma was ignited between heated cathode and anode. The 
special “channel” between the P.Ex. chamber and the TDS chamber allows measurements of the gas composition 
and concentration during atom and plasma irradiation by the mass-spectrometer. After irradiation the samples were 
transported into the TDS chamber with the help of the sample manipulator. By this means TDS analysis of the 
irradiated samples has been performed without their contact with atmosphere. During atom/plasma irradiation and 
TDS analysis the samples were heated by irradiation from the heated tungsten spiral installed at the sample 
manipulator behind the sample.   
The wall of the P.Ex. chamber is made of 12ɏ18ɇ10Ɍ stainless steel (composition: 0.12% C, 18% Cr, 10% Ni, 
less than 1% Ti) was used as investigated “sample”. The surface exposed to plasma was roughly 0.1 m2. During 
irradiation the wall was air cooled thus limiting the temperature to 40 oC. The features of hydrogen isotope 
penetration through the SS wall surface were determined by measurements of variations of gas pressure and 
composition in the chamber during wall irradiation.  
The experiments were performed in several steps. At the first step, the chamber was filled with deuterium and the 
chamber wall was irradiated with D atoms generated on the heated cathode in D2 working gas. Then a plasma 
discharge was initiated, thus producing D-plasma irradiation of the wall being under floating potential regarding to 
plasma. Finally, deuterium was replaced by hydrogen and the wall was irradiated by H atoms in H2 working gas. At 
the second step, the same experiments were carried out with working gases with oxygen added (D2 + O2). The 
oxygen addition was varied in the wide range (0.5, 2, 10, 20, 30 at %). Estimations showed that D- and H-atom 
fluxes on the wall were equal § 1.5Â1019 at/m2, and that of D- and H-ion current density were equal § 0.5Â1019 
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ion/m2. The third step was devoted to the measurements of D atom trapping under deuterium atom/ion irradiation. 
Deuterium in the chamber was replaced by hydrogen, and hydrogen atoms irradiated the chamber wall in the H2 + 
O2 working. 
3. Results and discussion 
Gas composition changes in the P.Ex. chamber during cathode heating and plasma initiation in various conditions 
are presented in Fig. 1, 2. It is seen that irradiation of the SS wall by D atoms produced in deuterium led to 
remarkable increase in H2, H2O, HD, HDO molecules concentration in the gas. Switching on the plasma and the 
wall surface irradiation with plasma ions initiated further increase in concentration of H2O, HDO and D2O 
molecules (further referred to as “water molecules”). The amount of H and O atoms in water molecules in total was 
higher than amount of D atoms in spite of the fact that H and O content in the working gas was two orders of 
magnitude lower. It leads to the conclusion that water molecules were formed on the surface of the chamber with D 
atoms from gas, H atoms from both stainless steel and surface sorption. Oxygen could be originated from the surface 
chromium oxide and surface sorption. The chamber wall irradiation by hydrogen atoms led to release of D and O 
atoms from the wall in the forms of HD and HDO molecules (Fig. 2a). However, desorption of D contained species 
decreased sharply testifying limited amount of D atoms retained. 
 
 
Fig. 1. Variation in the working gas composition upon irradiation of the plasma chamber wall with deuterium atoms and with plasma initiated in 
the same working gas. The working gas composition is (a) D2, (b) D2 + 2 at % O2. 
 
Fig. 2. Variation in the working gas composition upon irradiation of the plasma chamber wall with hydrogen atoms after preliminary irradiation 
with deuterium atoms and deuterium plasma. The working gas composition is (a) H2, (b) H2 + 2 at % O2. 
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When the cathode was heated in D2+O2 mixture the oxygen concentration decreased drastically sometimes even 
below detection limit. (See Fig. 1b, as an example). At the same time HD, HDO, D2O molecules appeared, and the 
content of H2 and H2O molecules rose. These molecules concentrations increased with oxygen concentration in the 
working gas indicating that oxygen from working gas was a presumable precursor for their formation. Water 
molecules totally contained roughly similar amounts of D and H atoms, showing that they also were formed on the 
SS surface with H atoms coming from stainless steel and sorption layers. Switching on the plasma in the same gas 
mixture and the chamber wall irradiation with plasma ions did not change the hydrogen release remarkably 
(Fig. 1 a, b). Consecutive wall irradiation by H atoms in H2+O2 mixture reported about deuterium release from the 
wall (Fig. 2 a, b).  
Hydrogen release rate was calculated for different irradiation conditions (Table 1). Total H atoms desorption and 
total D atoms trapping within 40 min irradiation with the heated cathode are also presented. Comparison of the data 
in Table 1 with the estimation of the sorbed layer capacity shows that under all irradiation conditions most part of 
hydrogen diffused from the bulk of stainless steel. 
Small energy plasma ions and most notably thermal deuterium (hydrogen) atoms were interacting only with few 
surface layers of SS. They could not influence the processes in the bulk, and their action reduced to accelerated 
removal of hydrogen (deuterium) atoms from the surface due to formation of hydrogen (deuterium) contained 
volatile molecules. Thus, we conclude that removal of hydrogen (deuterium) atoms from the surface stimulates 
hydrogen diffusion from SS bulk to the surface.  
Removal of the main fraction of H atoms from the wall irradiated by D atoms in D2 working gas occurred in the 
form of HD. Hydrogen release and deuterium trapping appeared to be practically equal within 40-minute irradiation. 
Adding of oxygen in the working gas accelerated both processes.  However, the first one has been elevated much 
stronger with the increase in oxygen in the working gas. Concentration of HD molecules in the working gas 
remained rather similar whether oxygen was added or not. It shows that the increase in hydrogen release rate during 
irradiation of the wall in D2 + x% O2 mixture occurred at the expense of oxygen activated surface processes leading 
to water molecule formation. 
 
Table 1. Hydrogen release and deuterium trapping within 40 minutes irradiation with various oxygen content in the working gas. 
Oxygen concentration in 
working gas, (at %) 
Average hydrogen 
release rate, 
(×1017 at/m2×s) 
Hydrogen release  
NH, (×1021 at/m2) 
Deuterium trapping 
ND, (×1021 at/m2) 
NH/ND 
 ratio 
0 1.1 0.26 0.26 1 
0.5
 
4.3 1.0 0.3 3.3 
2
 
4.1 1.0 0.5 2.0 
10
 
7.2 1.7 0.9 1.9 
20 8.2 2.0 1.1 1.8 
30 12.3 2.9 1.5 1.9 
 
Comparably slow increase in hydrogen release rate and correspondingly deuterium trapping in comparison with 
the rate of oxygen content growth in the working gas could be the result of limited hydrogen diffusion rate in 
stainless steel. Besides, the more oxygen is present in the working gas, the more water molecules are sorbed on the 
surface thus decreasing the probability of the surface reaction.  
HD molecules could be formed in the reaction of irradiating D atoms/ions with sorbed H atoms (Dirr. + Hsorb= 
HD). The similar reactions (Hirr. + Dsorb= HD) could take place, when sorbed D atoms interacted with impinging H 
atoms. HDO molecules could appear in the gas as the result of exothermic reactions activated by the inelastic 
collisions of the impinging D atoms/ions with the surface chromium oxide (Fig. 3). Due to these interactions 
hydroxyl groups OD and radicals Cr2O2 are formed. Further reactions of hydroxyl groups with sorbed atoms are able 
to form volatile water molecules leaving the surface.  Restoration of the molecules of chromium oxide is not 
possible when SS is irradiated in the deuterium atmosphere. That is why formation and desorption of the water 
molecules should be limited. This conclusion correlates well with the experimental results (Compare the water 
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molecule concentration in Fig. 1a, and b). Estimations showed that destruction of the near surface chromium oxide 
layers and the decrease in HDO concentration to the level corresponding to the working gas could be expected after 
2-2.5 hour irradiation. During simultaneous deuterium and oxygen irradiation the chromium oxide layer is restored 
in the reactions of oxygen from residual gas/plasma with Cr2O2. Oxygen atoms originated in these reactions can also 
react with the sorbed atoms of hydrogen isotopes what leads finally to formation of the water molecules releasing 
from the surface. 
 
 
Fig. 3. Schematic representation of reactions on P.Ex. wall irradiated with deuterium atoms. The water producing reactions under D atom 
irradiation are enclosed in dashed rectangle. 
4. Conclusion 
The paper presents the results of investigation of the gas exchange processes induced by low energy neutrals and 
ions on plasma exposition chamber wall made from stainless steel 12ɏ18ɇ10Ɍ (0.12% C, 18% Cr, 10% Ni, less 
than 1% Ti).The chamber surface was irradiated by thermal deuterium atoms generated in D2 atmosphere and by D2 
plasma ions. Irradiation accompanied by deuterium trapping, and desorption of hydrogen dissolved in stainless steel 
mainly in the form of HD. When oxygen was added to the working gas in the concentration range from 0.5 to 
30 at.% both processes accelerated. However, the first one has been elevated much stronger at the expense of 
oxygen activated surface processes leading to water molecule formation. 
The small energy plasma ions and thermal deuterium (hydrogen) atoms were interacting only with few surface 
layers of SS, but it led to accelerated removal of hydrogen (deuterium) atoms from the surface due to formation of 
hydrogen (deuterium) contained volatile molecules. Removal of hydrogen (deuterium) atoms from the surface 
stimulates hydrogen diffusion from SS bulk to the surface.  
The small energy plasma ions and most notably thermal deuterium (hydrogen) atoms could not influence the 
processes in the bulk of the plasma wall. Their action reduced to accelerated removal of hydrogen (deuterium) atoms 
from the surface due to formation of hydrogen (deuterium) contained volatile molecules. Thus, the conclusion was 
made that the rate of hydrogen isotope release from stainless steel is determined by their removal from the surface. 
Acceleration of hydrogen atom removal from the stainless steel surface under atom/ion irradiation led to 
acceleration of their passing through stainless steel and penetration through the surface chromium oxide layer.  
The irradiation initiated surface reactions are capable of acceleration hydrogen removal from the stainless steel 
surface due to formation of the volatile hydrogen contained molecules are considered The role of the chromium 
oxide surface layer in these reactions and the processes providing particle diffusion through the surface layer has 
been evaluated. 
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